In the last two decades, a wealth of structural and functional knowledge has been obtained for the three major cytoskeletal motor proteins, myosin, kinesin and dynein, which we review here. The cytoskeletal motor proteins myosin and kinesin are structurally similar in the core architecture of their motor domains and have similar force-producing mechanisms that are coupled with the chemical cycles of ATP binding, hydrolysis, Pi release and subsequent ADP release. The force is generated through conformational changes in the motor domain during Pi release and ATP binding in myosin and kinesin, respectively, and then converted into the rotation of the lever arm or neck linker (referred to as a power stroke) through the common structural pathways. On the other hand, the dynein cytoskeletal motor is an AAA+ protein and has a different structure and power stroke mechanism from those of myosins and kinesins. The linker protruding from the AAA+ ring of dynein swings according to the ATPase states, which, presumably, generates force to carry cargos within a cell. The communication mechanism between the track-binding and ATPase domains of dynein is unique because the two helices that presumably slide with respect to each other work as coordinators for these domains. Details of the mechanism underlying the power stroke and interdomain communication were revealed through recent progress in the structural studies of myosin, kinesin and dynein.
Introduction
The first cytoskeletal motor, myosin, was discovered from muscle by Szent-Györgyi and colleagues in the early 1940s (Table 1) (Banga and Szent-Györgyi 1941-1942) . Two decades later, the first microtubule motor, dynein, was isolated from cilia of Tetrahymena pyriformis by Gibbons and colleagues (Gibbons and Rowe 1965) . In the middle of the 1980s, the third class of cytoskeletal motors, kinesin, was discovered by two independent groups (Brady 1985; Vale et al. 1985) . These cytoskeletal motors move on the cytoskeleton by producing force that propel them and their cargo forward by using the free energy obtained from the hydrolysis of ATP. In other words, these motors possess mechanisms in which chemical energy is converted to mechanical work. Myosin moves on actin filaments, whereas kinesin and dynein move on microtubules toward the plus and minus ends, respectively (Kull and Endow 2013; Roberts et al. 2013) , while a class of kinesins that moves toward the minus end was discovered later (McDonald et al. 1990; Walker et al. 1990; Thiede et al. 2012) . Various subtypes of myosins have pivotal roles in various cellular events, including muscle contraction, cell motility and formation of a contractile ring (Weber et al. 2004; Schuh 2011) . The sliding filament theory of muscle contraction was proposed, in which thick filaments composed of myosin and thin filaments composed of actin slide relative to each other to produce contractile force (Huxley and Niedergerke 1954; Huxley and Hanson 1954) . Varieties of kinesins and dyneins also contribute to various events, including axonal transport and cell division (Lawrence et al. 2004; Roberts et al. 2013; Levy and Holzbaur 2006) . In addition, various kinds of flagellar dyneins together produce the beating of cilia/flagella (Kamiya 2002) . The crystal Yusuke Kato and Takuya Miyakawa contributed equally to this work.
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structures of myosins and kinesins revealed their structural similarity despite the difference in their tracks and function in cells . Structural studies of the motors greatly contributed to the understanding of the forceproducing mechanisms, including the power stroke. The overall structure of dynein is different from myosin and kinesin (Burgess et al. 2003) , which suggests that there is also a difference in the mechanism of the power stroke. The present review discusses proposed mechanisms for these motors based on structural studies.
Myosin and kinesin

Overview
Myosins and kinesins act as cytoskeletal motors via repeated mechanochemical cycles on actin filaments and microtubules, respectively (Kull and Endow 2013) . These motor proteins hydrolyse ATP to drive the motor cycles. Myosin was originally identified in skeletal muscle as a motor protein that controls muscle contraction using ATP (Engelhardt and Ljubimowa 1939) . Eukaryotic myosins are now classified into 35 different classes according to their gene sequence homologies (Odronitz and Kollmar 2007) and function in a wide range of cellular events, such as vesicle transport and spindle assembly (Weber et al. 2004; Schuh 2011) . Myosin is composed of three common domains: the Nterminal motor domain, lever arm and C-terminal tail domain (Mermall et al. 1998) . The motor domain can hydrolyse ATP and interact with actin; therefore, it plays a central role of myosin in the mechanochemical cycles. The lever arm amplifies the motion of the motor domain. In contrast, the tail domain has different functions associated with the cellular roles of different myosin classes (e.g. skeletal muscle myosin II assembles into myosin filaments using a long coiled-coil region of the tail domain, and the class V myosins have specific binding sites for different cargos in the tail domain) (Krendel and Mooseker 2005) .
Kinesins are classified into 14 different classes and most of them are motile to transport cargos along microtubules (Lawrence et al. 2004) . All kinesins have a conserved motor domain that offers an ATP-binding site and a microtubulebinding site, a neck linker that is an amplifier of the motor and a diverse tail domain for interactions with cargo (Hirokawa and Takemura 2005) . The motor domain of kinesins is located on the N-terminus (N-type), middle region (M-type) or C-terminus (C-type), unlike myosin. The N-type kinesins, e.g. kinesin-1 (KIF5B) and kinesin-5 (Eg5), are the most common and move to the plus end along microtubule tracks to transport cargos; the C-type kinesin, e.g. Ncd, moves to the minus end; and the M-type kinesin travels to both ends and depolymerises microtubules (Hirokawa 1998) . However, it has been recently discovered that kinesins are more divergent: Cin8-like kinesin-5s are minus-end-directed motors (Thiede et al. 2012) , and the fungal kinesin-14 KlpA is a plus-end-directed motor on single microtubules (Popchock et al. 2017) .
Several of the structures for myosins and kinesins were determined by X-ray crystallography and cryo-electron microscopy (cryo-EM) over the past two decades, which revealed a structural similarity and a common mechanism of force generation in the motor domains between myosin and kinesin, despite an almost complete lack of sequence identity. Discovery of myosin and actomyosin (Banga and Szent-Györgyi 1941-1942) 1943 Discovery of G-and F-actin (Straub 1943 (Straub ) 1954 Proposal of the sliding filament theory of muscle contraction (Huxley and Niedergerke 1954; Huxley and Hanson 1954) 1965 Discovery of the first microtubule motor, dynein Rowe 1965) 1967 Discovery of tubulin (Borisy and Taylor 1967) 1985 Discovery of the kinesin microtubule motor (Brady 1985; Vale et al. 1985) 1989 Single-molecule assay for kinesin (Howard et al. 1989) 1993 Structures of myosin and actomyosin (Rayment et al. 1993a, b) 1994 Single-molecule assay for myosin (Finer et al. 1994) 1995 Structures of the kinesin microtubule complexes (Hirose et al. 1995; Hoenger et al. 1995; Kikkawa et al. 1995) 1996 Crystal structure of the kinesin motor Visualisation of the power stroke of kinesin (Rice et al. 1999) 2003 Visualisation of the power stroke of dynein (Burgess et al. 2003) 2011, 2012 Crystal structures of the dynein motors (Carter et al. 2011; Kon et al. 2012) Overall structure
The first crystal structure of myosin to be determined was the nucleotide-free state of the motor domain and the lever arm (Rayment et al. 1993a ). The motor domain has a globular structure with~850 amino acids, in which a core architecture is composed of seven-stranded central β-sheet and six α-helices (with three on each side of the β-sheet) (Fig. 1a) . The nucleotide-binding site is located on the central β-sheet and is surrounded by three nucleotide-recognition elements, specifically the P-loop, switch I and switch II. There are two subdomains (upper 50K domain and lower 50K domain) on the opposite face of the central β-sheet from the nucleotidebinding site. Actin can bind to the cleft formed between these two subdomains. An additional subdomain, which is called the converter subdomain, is found in the C-terminal region of the motor domain and is directly connected to the lever arm, which adopts a long α-helix and provides interaction surfaces for two calmodulin-like light chains in the cytoskeletal muscle myosin II. The motor domain of kinesin is composed of~340 amino acids, which is much smaller than that of myosin. However, the crystal structure of kinesin revealed a structural homology to the motor domain of myosin, especially the core architecture with the nucleotide-binding site . The structures of ADP-and ATP-bound states show that the P-loop interacts with the α-, β-and γ-phosphates of nucleotides and Mg 2+ ions, and switch I and switch II act as sensors that recognise the existence of γ-phosphate (Fig. 1b, c) Parke et al. 2010; Gigant et al. 2013) . These roles of nucleotide-recognition elements are conserved in the myosin motor domain (Houdusse et al. 2000) . The microtubulebinding site of kinesin is also located on the opposite side of the central β-sheet from the nucleotide-binding site, which is similar to myosin. The α4 and α6 helices of kinesin are spatially conserved as the relay helix and the SH1 helix in myosin, respectively. These helices give rise to conformational changes in response to each nucleotide-binding state (Kull and Endow 2013) . These structural similarities imply that there is a common force-producing mechanism in the myosin and kinesin motors.
Mechanisms for motor mechanochemical cycles
Myosin and kinesin interlock in a chemical cycle of ATP binding, hydrolysis and subsequent phosphate (Pi) and ADP releases through the mechanical cycle of motor motion and their interactions with filaments (Bustamante et al. 2004 ). The structures of myosin are well defined in four states of the cycle: the actin-detached ATP-bound state (M·ATP), the post-recovery ADP·Pi-bound state (M·ADP·Pi), the ADPbound state (M·ADP) and the nucleotide-free myosin in complex with actin (Rayment et al. 1993a; Houdusse et al. 2000; Himmel et al. 2002; Yang et al. 2007 ). These structures and the molecular dynamic simulations have proposed a detailed mechanism of force generation in the mechanochemical cycle of myosin ( Fig. 2) (Fischer et al. 2005; Cecchini et al. 2010; Kühner and Fischer 2011) . The P-loop, switch I and switch II are closed by ATP binding to the motor domain. The switch I closure leads to the opening of the actin-binding cleft between the upper 50K and lower 50K subdomains to dissociate myosin from actin. Switch II tightly connects to the relay helix and its closure induces rotation of the lever arm through the SH1 helix and the converter subdomain. After closing both the switch I and switch II, ATP hydrolysis proceeds to complete the 'recovery stroke', which repositions the lever arm into the pre-power conformation by 5-7.5 nm of movement (Sugi et al. 2008 ). In the M·ADP·Pi state, the lower 50K subdomain can interact with actin to close the actin-binding cleft, which leads to a Pi release accompanying the 'power stroke'. The stroke motion involves the rotation of the lever arm in an actin-bound state. In skeletal muscle, myosin filaments slide 5-10 nm on actin filaments through the power stroke. Therefore, the Pi release is a force generation step in the motor mechanochemical cycle of myosin. Subsequent ADP release is relatively slow, so the myosins adopt a long-lived forceholding state (Veigel et al. 2005; Greenberg et al. 2014) .
The motor mechanochemical cycle of kinesin has been well elucidated by crystallographic studies on the nucleotide-bound structures of the motor domain Sablin et al. 1996; Kozielski et al. 1997; Kikkawa et al. 2001; Endres et al. 2006 ). More recently, the motor mechanism has been clarified using structures of motor domains complexed with microtubules (or tubulins) in their nucleotide-free state and ATP-bound state (Gigant et al. 2013; Cao et al. 2014; Atherton et al. 2014; Shang et al. 2014) . Kinesin is thought to use similar structural architectures for the force generation and transduction of mechanical movements to myosins. However, the force generation is induced by ATP binding to kinesin, unlike the force generation step of myosin, which corresponds to a Pi release (Fig. 3 ) (Rice et al. 1999; Endres et al. 2006) . The motor domain of kinesin can attach to a microtubule in the nucleotide-free state, where ATP initiates the mechanochemical cycle through binding to the motor domain. ATP binding induces conformational changes of the P-loop, switch I and switch II into closed states. Switch II connects to the α4 helix (referred to as the relay helix in myosin) through the L11 loop, which is stabilised into a helical structure as an extension of the α4 helix through an interaction with microtubules (Hirose et al. 2006; Kikkawa and Hirokawa 2006) . The α4 helix provides the binding interface for microtubules and shows different orientations according to individual nucleotide-binding modes. Additionally, this helix is spatially close to the α6 helix (referred to as the SH1 helix in myosin) that is followed by the neck linker in kinesin. In the ATP-bound state, the rotated α4 helix leads to the conformational changes of the α6 helix, which allows the neck linker to dock to the small pocket of the motor domain (Kozielski et al. 1997) . This movement of the neck linker is a crucial event that serves as the 'power stroke' and leads to the plus-end direction of the motor domain. ADP can bind to the motor domain at a relatively high affinity, even when switch I and switch II adopt the open state. Therefore, ADP release is thought to be coupled with microtubule binding accompanying the formation of twisted conformations in the central β-sheet of the motor domain, which was also observed in the Fig. 1 Fig. 2 Mechanochemical cycle of myosin. The structural models with ribbon diagrams are created by the crystal structures of myosin II (scallop myosin S1; upper left, PDB 1SR6; upper right, PDB 1KQM; lower right, 1DFL; lower left, 3I5F). The lever arm (dark green), converter subdomain (orange) and SH1 helix (cyan) adopt different orientations and conformations in each state. The nucleotide-binding regions, including the P-loop, switch I and switch II, are coloured in red, yellow and green, respectively. Each nucleotide in the motor domain is represented by a sphere model. A power stroke corresponds to a step of force generation structures of nucleotide-free myosin (Coureux et al. 2003; Reubold et al. 2003) . Therefore, microtubules would act as a nucleotide exchanger from ADP to ATP, unlike actin filament, which triggers a Pi release from myosin to generate force.
In the C-type kinesin Ncd, the ATP-induced rotation of the neck mimic (referred to as the neck linker in the N-type) is converted into the inverted swing of the neck helix to trigger the movement of Ncd toward the minus-end direction (Yamagishi et al. 2016) . The neck helix is specifically contained in the N-terminus of the Ncd motor domain. After ATP hydrolysis and a subsequent Pi release, the switch II would be open and the motor domain detaches from microtubules and tilts toward the minus direction. The foldingunfolding transition of the coiled-coil stalk of Ncd might be important for retrograde movement, and Arisaka contributed research into this transition along with our group (Makino et al. 2007) . Ncd belongs to the kinesin-14 motor family that contains divergent members with a variety of N-terminal tails, providing some of the most crucial functional cues, such as binding sites of other interaction partners (She and Yang 2017) . Most of the kinesin-14s are homodimeric, whereas yeast Kar3 forms heterodimer with Vik1 or Cik1 that contains the ATP-independent motor domain at the C-terminus. A recent study has proposed a common power stroke mechanism for homodimeric and heterodimeric kinesin-14s (Zhang et al. 2015) . According to the conventional mechanism, the power stroke is generated by microtubule binding and one ATP turnover in only one motor domain. However, in the homodimeric and heterodimeric kinesin-14s, one process of force generation is required for cooperative interaction between both motor domains and two ATP turnovers (Zhang et al. 2015; She and Yang 2017) .
Mechanochemical cycles of myosin and kinesin are similar, whereas the timing of actin or microtubule binding differs from each other. Power stroke means the movement of the lever arm (myosin) or neck linker (kinesin) in the state bound to actin filament or microtubule (Figs. 2 and 3 ). Myosin and kinesin use distinct structural elements of the motor domains as binding interfaces, the actin-binding cleft between the upper 50K and lower 50K subdomains, and the α4 helix containing the L11 loop, respectively. Therefore, the binding sites suitable for interaction partners and their conformational changes in mechanochemical cycles are indispensable factors to adjust the optimal timing of the power stroke.
Dynein
Overview
Dyneins are cytoskeletal motor proteins that convert the chemical energy derived from ATP hydrolysis to mechanical force and move along microtubules toward the minus end (Kamiya 2002; Roberts et al. 2013) . Dyneins are classified Fig. 3 The mechanochemical cycle of N-type kinesin. The structural models with ribbon diagrams are created by the crystal structures of kinesin-1 (KIF5B; upper left, PDB 4LNU; upper right, PDB 4HNA; lower left, 1BG2). The structures in individual steps adopt the different conformations of the neck linker (orange), α6 helix (cyan), α4 helix (magenta), L11 loop (violet), switch I (yellow), switch II (green) and Ploop (red). Each nucleotide in the motor domain is represented by a sphere model. Microtubules are composed of heterooligomers composed of α-tubulin (α) and β-tubulin (β). The neck linker moves from the minus-end direction (left) along a microtubule to the plus-end direction (right) via the power stroke, which corresponds to the step of force generation into two groups, including cytoplasmic and flagellar dyneins. Cytoplasmic dyneins contribute to cargo transport within a cell, whereas flagellar dyneins generate force to beat cilia/flagella. Dysfunction of dyneins is associated with widespread disorders and diseases, such as lissencephaly, hydrocephaly, motor neuron disease and ciliopathies (Fliegauf et al. 2007; Levy and Holzbaur 2006) . Phylogenetic analysis revealed that dynein belongs to the AAA+ superfamily, many of which are hexameric enzymes with diverse functions, such as acting as a protease, chaperone, transcriptional activator proteins, as well as replication and recombination proteins (Neuwald et al. 1999) . The force generation mechanism of dyneins has been anticipated to be fundamentally different from those of other cytoskeletal motors, such as myosins and kinesins, that evolved from a common ancestor protein (Vetter and Wittinghofer 2001) . The molecular weight of the minimal unit of a dynein motor is~380 kDa, which is roughly an order of magnitude greater than those of myosins and kinesins. Due to the large size of dynein, it has been more difficult to express, purify, manipulate and crystallise it compared to the other motors. Nevertheless, recent progress on dynein has revealed its elusive mechanism by overcoming such difficulties.
Overall structure
Unlike the other AAA+ proteins, dynein's AAA+ ring is composed of a single polypeptide chain. The minimal unit for the motor activity of dynein contains the linker, six tandemly arranged AAA+ modules with various amino acid sequences, a stalk, a microtubule-binding domain (MTBD) and a C sequence (Fig. 4) . The linker, which presumably produces the power stroke, is located at the N-terminal end of the AAA1 module (Roberts et al. 2009 ). The stalk and MTBD are located between AAA4 and AAA5. The C sequence follows AAA6. The overall structure of a dynein monomer is a ring-like structure with two protrusions of different sizes. The larger one contains the linker and tail. The N-terminus of the linker is connected to the tail that binds to cargos and other dynein monomer(s) in the case of multimer dyneins. The tail is not essential for the motor activity but is necessary for diverse biological events. It was suggested that the linker swings for the power stroke according to EM studies of a flagellar dynein (Burgess et al. 2003) . The thinner and smaller protrusion is called the stalk. The stalk is composed of an anti-parallel coiled-coil. The MTBD is located at the distal globular end of the stalk. Thus, the overall configuration of dynein is characteristic, as the track-binding domain forms a globular domain and is separated by the thin stalk from an ATPase catalytic domain, the AAA+ ring. This is a remarkable difference compared with myosins and kinesins because their trackbinding and ATPase components are within a single globular domain.
Power stroke mechanism
Dynein has a characteristic linker that presumably swings according to the ATPase cycle to produce the power stroke. Previous EM studies combined with protein engineering have inserted tags in various sites within the polypeptide chain of the motor unit of cytoplasmic dynein, which include studies that Arisaka contributed to, along with the Burgess group. Their results revealed that swing motion by the lever-like linker occurs between AAA2 and the stalk base (Roberts et al. 2009 ). However, the detailed mechanism of the linker swing was unknown until recent crystallographic studies of the motor unit. Pioneering crystallographic studies of the dynein AAA+ motor revealed that the motor was composed of the central AAA+ ring, liner, stalk, strut and C sequence (Carter et al. 2011; Kon et al. 2012) . The AAA+ ring contained six AAA+ modules, AAA1-AAA6, which were arranged according to the order of their amino acid sequence. Each AAA+ module contained two submodules, α/β and α submodules, which were arranged on the opposite sides of the ring. AAA1-AAA4 contained characteristic insert sequences. The AAA5 module contained an additional globular domain. Active ATPase sites were found in AAA1-AAA4, while a previous biochemical analysis showed that the active site of AAA1 was critical for the power stroke. The ATPase sites of AAA5 and AAA6 are inherently inactive because the residues necessary for ATP hydrolysis were replaced. The ATPase site of AAA1 was on an interdomain interface between AAA1 and AAA2. While ADP was held within the AAA1 module, it lacked the binding residue for the γ-phosphate of ATP. Instead, the arginine finger sequence found in AAA2 was located close to the AAA1 catalytic site. It was, therefore, speculated that the cleft between AAA1 and AAA2 is narrowed after binding ATP to form a complete catalytic site. This speculation was supported by the structure of dynein-2 in complex with ADP.vanadate, in which the cleft between AAA1 and AAA2 narrowed to form the catalytic site . Thus, the AAA+ ring is presumed to convert to a closed conformation when it binds ATP (Fig. 5) .
It has been suggested that the linker movement produces the power stroke based on the EM and fluorescence resonance energy transfer analysis (Burgess et al. 2003; Kon et al. 2005) . Crystal structures of the ADP-bound dynein motor displayed the post-power stroke state. In this state, the contact area between the linker and AAA+ ring was remarkably small compared to the sizes of the linker. Schmidt et al. (2012) found the contact of the linker with AAA5 in yeast dynein, whereas Kon et al. (2012) found contact of the linker with AAA2 in Dictyostelium discoideum dynein but no contact with AAA5. Nevertheless, these structures together showed that most parts of the linker, except for its proximal part, are detached from the AAA+ ring. Proximal and distal parts of the linker were connected only by a long α-helix, H10, which prompted a proposal that this region might bend when dynein assumes the pre-power stroke state (Kon et al. 2012) . This proposal was supported by a recent crystal structure of dynein-2 in complex with ADP.vanadate (Schmidt et al. 2015) , in which the linker was bent at H10 to prime the power stroke (Fig. 6) .
Communication between the domains for ATP hydrolysis and track binding
For directed movement of dynein, it is required that various activities in a mechanochemical cycle of dynein, such as ATP hydrolysis, microtubule binding, the power stroke and microtubule dissociation, occur in the correct order. Therefore, communication between the MTBD for track binding and the AAA+ ring that contains the ATPase catalytic sites is essential for directed movement. The MTBD of dynein is separated from the AAA+ ring by the stalk with a~140 Å length. For kinesins and myosins, changes of the structures of the ATPase components directly link structural changes of their trackbinding components because the components for track binding and ATP hydrolysis are located within an inseparable structural domain. Thus, the communication mechanism between the domains for track binding and ATP hydrolysis of dyneins has been presumed to be fundamentally different from those of kinesins and myosins. Analysis of an amino acid sequence of dynein predicted the existence of two long helical sequences that may form a long coiled-coil together (Gee et al. 1997) . It was demonstrated that the recombinant 45-kDa protein that included the hypothetical coiled-coil region binds to microtubules without the AAA+ ring, which suggested that the MTBD is within this region. Later, cryo-EM studies demonstrated that the region sandwiched between the two long helical sequences directly binds to a microtubule (Mizuno et al. 2007 ). Gibbons et al. (2005) proposed that the two helices that compose the antiparallel coiled-coil slide over each other. They produced constructs that contained the hypothetical coiled-coil and MTBD with different coiled-coil registries by connecting the coiledcoils of dynein and seryl-tRNA synthetase (SRS) and found that the binding affinity to microtubules changed depending on the registry (Fig. 7a, b) . The crystal structure of one of those constructs with weak affinity revealed that the stalk was composed of an anti-parallel coiled-coil and that the MTBD was located at the distal end of the coiled-coil (Carter et al. 2008) . We demonstrated that flagellar dynein had a similar overall structure of the distal stalk region containing the MTBD in aqueous solution (Kato et al. 2014) . The flagellar MTBD contained a characteristic flap structure that might have an impact on microtubule binding (Fig. 7c ) and showed trivial changes in the affinity, depending on the registry change.
The crystal and solution structures of the distal stalk region showed a weak-binding state of the MTBD at atomic resolution. Later, cryo-EM studies reported a stalk-microtubule complex structure at sub-nanometre resolution in a strong binding state (Redwine et al. 2012) . These authors also proposed the atomic structure model of the stalk in a strong binding state based on molecular dynamics flexible fitting and suggested that electrostatic interactions between the MTBD and a microtubule are important for strong binding. Indeed, loss of one of the electrostatic interactions due to a substitution of the amino acid of microtubules impaired activation of ATP hydrolysis and directed dynein movement (Uchimura et al. 2015) .
Later, the crystal structures of the whole stalk and dynein motor revealed the structure of the full-length stalk and existence of the strut (Carter et al. 2011; Kon et al. 2012) . The strut was composed of an anti-parallel coiled-coil and interacted with the proximal region of the stalk to support the base of the stalk. The interaction between the stalk and the strut appeared tight. Therefore, it was proposed that tension is generated between the stalk and strut upon structural change of the AAA+ ring, which causes change in the registry and structure Fig. 7 Registry change and structure of the microtubulebinding domain (MTBD). a The coiled-coil of seryl-tRNA synthetase (SRS) was ligated with the stalk of the MTBD to produce constructs with various coiledcoil registries. b Coiled-coil registries were different between the strong and weak binding states of the MTBD. In the figure, the height of P3409 relative to that of P3285 changes in two different states. c The MTBD of flagellar dynein-c contains the characteristic flap of the stalk, and causes the MTBD to change its affinity to microtubules.
Concluding remarks
Numerous structural studies have elucidated the conformational changes of myosin and kinesin in the multiple steps of their mechanochemical cycles and have proposed possible mechanisms of force generation in the motor domains. However, the structure of M·ADP·Pi in complex with actin could provide further structural information related to force generation by the myosin motor. Structural studies of dynein have also rapidly advanced in the past decade and revealed detailed structural differences between before and after the power stroke. However, the mechanism of how the structural transition occurs remains unknown. In addition, detailed molecular mechanisms of dyneins in a multimer situation are unsolved as well, although recent electron microscopy (EM) and single-molecule studies have approached this problem (Gennerich et al. 2007; Imai et al. 2015) . We hope that the understanding of the cytoskeletal motor proteins continues to improve over the next decade.
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